INTRODUCTION
============

Voiding dysfunction due to pelvic floor overactivity in the human may be characterized by a dysfunctional inability to relax or a paradoxical tightening when attempting to void \[[@B1]\]. In this setting, a hypertonic pelvic floor may result in increased bladder outlet resistance, bladder outlet obstruction and ultimately bladder sensitization \[[@B2]\]. In the setting of bladder sensitization and dysfunctional behavior of the pelvic floor, dysfunction may be mediated by crosstalk along the sacral nerves and further mediated by the central nervous system \[[@B3][@B4]\]. Pelvic floor dystonia is often seen in the clinical setting of overactive bladder, and treatment of the pelvic floor is becoming more widely accepted in addressing the overall clinical phenotype of overactive bladder, however the literature is still emerging \[[@B5]\].

Transvaginal electrical stimulation and pelvic floor muscle training are commonly used in humans as conservative therapies for both female stress urinary incontinence and overactive bladder symptoms \[[@B6]\] and appear to be effective at various levels of electrical stimulation \[[@B7]\]. When used to treat overactive bladder related to a hypertonic pelvic floor, the therapies aim at relaxing the levators \[[@B8]\]. Low intensity pelvic floor stimulation appears to improve pelvic floor dystonia as well as postpartum dyspareunia \[[@B9]\].

There has been a paucity of animal models for chronic pelvic floor dystonia in which to examine the mechanisms for the levator, bladder and bowel relationship seen in the human clinical phenotype of pelvic floor dysfunction. Previous studies have demonstrated that multiparity in rabbits is associated with uncoordinated activity of the pelvic muscles \[[@B10]\], as well as stress urinary incontinence \[[@B11]\] which may be a result of pelvic muscle stretch injury \[[@B12]\]. More recently, we developed a short term model of pelvic floor dystonia in the rabbit \[[@B13]\]. This experiment demonstrated that direct noxious tetanizing electrical stimulation of the pubococcygeous (PC) muscle using an electromyographic (EMG) needle resulted in cystometric (CMG) and EMG changes suggestive of voiding dysfunction; a larger bladder capacity, longer interval between contractions and prolonged contraction duration \[[@B13]\]. Our current experiment aims to further develop our acute model into a survival model and explore the long term effects of needle and transvaginal noxious tetanizing stimulation on rabbit voiding and defecatory behavior.

MATERIALS AND METHODS
=====================

1. Experiment design
--------------------

All methods were approved by our Institutional Animal Care and Use Committee (IACUC, Stratton VA Medical Center, Albany, NY, USA). Female adult virgin white New Zealand rabbits, aged 4 to 5 months and approximately 3.5-kg body weight, were chosen for their well developed pelvic floor musculature. Twelve rabbits were housed in metabolic cages to record baseline voiding and defecation for 3 days as outlined by the treatment timeline ([Fig. 1](#F1){ref-type="fig"}). Metabolic cage floors measured 74 cm by 74 cm, with a cage screen to collect feces and a sloped funnel below the cage to collect urine into a computerized recording collection container. After completing baseline metabolic cage measurements, on day 4 animals were anesthetized using ketamine/xylazine sedation and a baseline CMG/EMG \#1 was obtained using XLTEC NeuroMax 1002 machine (Natus Medical Inc., Oakville, ON, Canada). Continuous filling of the bladder was performed at a rate of 4 mL/min until the rabbit\'s third productive contraction, with subsequent measurement of postvoid residual ([Fig. 2](#F2){ref-type="fig"}). Contractions were graded as either normal or dysfunctional ([Fig. 3](#F3){ref-type="fig"}). Both left and right PC muscle groups were located using EMG needles with a single confirmatory test stimulation (7.5 mA, 0.1 ms) to demonstrate the characteristic ipsilateral abduction of the tail, vagina, and rectum, thus confirming placement as described by other investigators \[[@B14]\]. Left and right needles were then used to obtain EMG data as well as administer treatment stimulation. Animals were previously randomized by cage order to receive either treatment or sham needle placement. Treatment animals (n=9) received bilateral tetanizing noxious needle stimulation (4 trains 10 seconds apart, 15 mA, 25 Hz, 0.2 ms, 10 pulses/train) to the PC muscle and controls (n=3) bilateral sham needle placement. After completing treatment, all animals were then subjected to a postnoxious stimulation CMG/EMG \#2 as previously described.

Animals were then placed back into their metabolic cages for 7 days to record defecation and voiding parameters ([Fig. 1](#F1){ref-type="fig"}). At the end of this period, on day 11 animals were then anesthetized and a baseline CMG/EMG \#3 was obtained as previously described. All animals were then subjected to tetanizing transvaginal stimulation (5 minutes, 6.5 mA, 10 Hz, 0.1 ms repetitive) using a smooth insulated vaginal probe to localize electrical current to the deep vagina with characteristic production of rhythmic vaginal wall and pelvic floor contractions ([Fig. 2](#F2){ref-type="fig"}). After completing transvaginal stimulation a postvaginal stimulation CMG/EMG \#4 was obtained. Contractions were graded as either normal or dysfunctional ([Fig. 3](#F3){ref-type="fig"}).

Animals were then placed back into their metabolic cages for 5 days to record defecation and voiding parameters. At the completion of cage measurements animals were then anesthetized and a final CMG/EMG \#5 was performed. Animals were then euthanized using phenobarbital in accordance with local IACUC guidelines.

2. Statistical analysis
-----------------------

Metabolic cage data was recorded for each animal and included measurements of voided volume (mL), time of void, number of voids in 24 hours and daily fecal weight (g). Descriptive statistics were used to calculate mean, standard error of mean (SEM) and define 95% confidence intervals. Animal cage data was grouped according to the day 4 treatment allocation (needle noxious stimulation \[n=9\] versus sham needle placement \[n=3\]), and evaluated using repeated measures analysis of variance (ANOVA) with a least squares estimation method.

Cystometry data was recorded for each animal and included measurement of the baseline CMG pressure (basal CMG pressure \[cmH~2~O\]) at the start of bladder filling, the change from baseline pressure to the pressure at which spontaneous micturition occurred (precontraction pressure change \[cmH~2~O\]), the maximum CMG pressure during productive micturition (contraction pressure \[cmH~2~O\]), the intercontractile interval (interval between contractions \[min\]), the time from start of bladder filling until the third productive contraction (time to 3rd contraction \[min\]), volume infused into bladder at time of the first productive contraction (capacity \[mL\]) and the catheterized volume of urine remaining in the bladder after the completion of the third productive contraction (postvoid residual \[mL\]). Mean, SEM and Student t-test were used to make comparisons between animals and treatment groups. A p-value of less than 0.05 was defined as statistically significant.

RESULTS
=======

1. Baseline metabolic cage data (day 1 to 3)
--------------------------------------------

Throughout the experiment, both the total 24-hour fecal weight and total 24-hour urine volume were similar between animals. Cage data was grouped according to the day 4 treatment allocation with a summary of 24-hour urinary frequency and mean volume per void presented as a 17-day box plot for sham needle placement versus noxious PC stimulation groups ([Fig. 4](#F4){ref-type="fig"}). At baseline from day 1 to 3, there was no significant difference between treatment groups noted for the number of voids in 24 hours or mean volume per void.

2. Cystometric response to pelvic floor stimulation (day 4)
-----------------------------------------------------------

On day 4, animals were anesthetized and CMG/EMG \#1 was performed with baseline CMG data revealing no significant difference in cystometry parameters between treatment groups ([Table 1](#T1){ref-type="table"}). Following noxious needle stimulation of the pelvic floor PC muscle, CMG/EMG \#2 demonstrated a significant change in basal CMG pressure, precontraction pressure change, contraction pressure, interval between contractions, time to 3rd contraction and postvoid residual ([Table 1](#T1){ref-type="table"}). CMG response to needle noxious stimulation was heterogeneous when comparing animal groups, however when evaluating each animal individually there was an obvious trend towards an increased interval between contractions with a longer interval noted after needle tetanizing stimulation of the PC muscle and minimal change noted after sham needle placement alone ([Table 1](#T1){ref-type="table"}). After grouping all animals according to treatment group, needle tetanizing stimulation of the PC muscle significantly prolonged interval between CMG contractions with mean time to third contraction rising from 38 to 53 minutes (p=0.008 vs. prestimulation) ([Table 1](#T1){ref-type="table"}).

3. Cystometric response to transvaginal stimulation (day 11)
------------------------------------------------------------

On day 11, animals were anesthetized and CMG/EMG \#3 was performed and data was initially analyzed according to day 4 treatment allocation. Two animals from the day 4 treatment group only demonstrated one prolonged broad contraction that was evaluable. Despite this finding, baseline CMG data revealed no significant difference in cystometry parameters between treatment groups when grouped according to day 4 treatment allocation ([Table 2](#T2){ref-type="table"}). Following noxious transvaginal stimulation in all animals on day 11, the poststimulation CMG/EMG \#4 did not demonstrate three productive contractions in two animals. In these two animals, which were previously in the day 4 control group, only a single evaluable spiking contraction was noted in one animal and and two broad prolonged contractions in the other. Data for the available demonstrated and evaluable contractions from all 12 animals was included for analysis ([Table 2](#T2){ref-type="table"}). Following vaginal noxious stimulation, CMG/EMG \#4 demonstrated a significant change in basal CMG pressure, interval between contractions and time to 3rd contraction ([Table 2](#T2){ref-type="table"}).

Animals were also grouped into a single cohort (n=12) for evaluation and comparison of baseline CMG/EMG \#3 to the post stimulation CMG/EMG \#4 following noxious vaginal stimulation ([Table 3](#T3){ref-type="table"}). This analysis was consistent with [Tables 1](#T1){ref-type="table"}, [2](#T2){ref-type="table"}, and in a manner similar to pelvic floor tetanizing stimulation, transvaginal stimulation signif icantly increased time to third contraction from 37 to 46 minutes (p=0.008 vs. prestimulation baseline CMG/EMG \#3) ([Table 3](#T3){ref-type="table"}). Postvoid residual urine volume was not significantly different between groups before and after needle or vaginal stimulation.

4. Metabolic cage correlates with stimulation
---------------------------------------------

Heterogeneous voided volume and frequency behavior was noted at baseline and after both direct needle pelvic floor PC muscle stimulation and vaginal noxious electrical stimulation. Using repeated measures ANOVA to calculate changes within each animal and between treatment groups a statistically significant increase in the number of voids was noted for 24 hours following the day 4 needle noxious PC pelvic floor stimulation (ANOVA p-value=0.011 vs. control) ([Fig. 4](#F4){ref-type="fig"}). No statistically significant change was seen in cage parameters beyond one day following needle noxious stimulation of the pelvic floor however there was a trend towards the treatment animals exhibiting increased urinary frequency and smaller voided volumes ([Fig. 4](#F4){ref-type="fig"}). Following the day 11 noxious vaginal stimulation there was also a trend towards increased urinary frequency and decreased mean voided volume, however data was heterogeneous and these changes were not statistically significant between animals or treatment groups.

On day 18 animals CMG/EMG \#5 was performed and animals were euthanized. One animal from the day 4 treatment group had only one CMG contraction available for interpretation. This final CMG evaluation revealed a statistically significant increase in contraction duration and postvoid residual in the noxious pelvic floor stimulation animals when grouped according to day 4 treatment allocation ([Table 4](#T4){ref-type="table"}).

5. Impact of noxious stimulation on voiding patterns
----------------------------------------------------

Despite the amount of heterogeneity among animals, of those that underwent needle stimulation, seven of nine animals (78%) demonstrated CMG contractile patterns of voiding dysfunction versus six of twelve animals (50%) after transvaginal stimulation, with little durable change in cage parameters several days following either modality of stimulation.

DISCUSSION
==========

A major challenge with diagnosing pelvic floor dysfunction can be the variability of the clinical presentation. Pelvic floor dysfunction can either be a result of a hyper- or hypotonic pelvic floor and can manifest as symptoms related to the lower urinary tract, chronic pelvic pain, dysfunctional voiding or dyspareunia \[[@B15]\]. The lower urinary tract symptoms in patients with dystonia of the pelvic muscles is also quite variable and may present as storage symptoms in one patient with a complaint of urinary frequency and urgency, whereas another patient might paradoxically complain of obstructive voiding symptoms.

In our experiment, we observed dysfunctional CMG contractions in a majority of animals as accompanied by a larger bladder capacity, longer interval between contractions and prolonged contraction duration. However not all animals developed this phenotype, with only half of animals demonstrating these voiding changes after transvaginal stimulation. The importance of the pelvic floor in modulating voiding function cannot be understated. In our experiment we found that both direct PC needle and as well as transvaginal electrical stimulation resulted in prolonged intervals between CMG contractions. Most of the changes in cage parameters were primarily seen after direct needle stimulation of the pelvic floor. This was likely due to the mechanism that needle stimulation delivered electrical current directly to the pelvic floor when compared to the transvaginal route.

Our study has several limitations including small sample size, heterogeneity between animals and difficulty in delivering stimulation exactly the same between animals. Despite the small sample size and heterogeneity of voiding patterns between animals, the majority of subjects had excellent internal consistency. An additional consideration is the degree of sedation and analgesia while under anesthesia. Ketamine was used to sedate animals during cystometry and is recognized to alter CMG parameters, however the relative difference in CMG parameters should have been effectively the same since all animals were sedated according to body weight during each cystometrogram. Pelvic pain was also difficult to assess in our experiment and may be a symptom of pelvic floor spasm and other inciting events \[[@B4]\].

The exact mechanism of action in our experiment can only be hypothesized. Similar to pain, in our experiment we were not able to directly measure pelvic floor tone. Coordinated pelvic floor muscle tone in rabbits has been previously demonstrated to modulate micturition \[[@B16]\]. Based on our CMG findings of increased EMG activity noted in the dysfunctionally voiding animals, it is postulated that either detrusor contractile force increased versus an increase in bladder outlet resistance, however no increase in contraction pressure was noted following noxious stimulation so it is suspected that noxious stimulation of the PC muscle directly affected the pelvic floor and thus altered urethral pressure. This hypothesis into the mechanism of our experiment is consistent with the findings of Rajasekaran et al. \[[@B17]\] whereupon a dose dependent increase in urethral pressure was demonstrated following electrical stimulation of the puborectalis muscle of the rabbit pelvic floor. However despite our EMG evidence of markedly increased paradoxical activation of the PC muscle during voiding, as an additional limitation to our study, we did not directly measure urethral pressure during voiding and can only speculate that pelvic floor tone was increased during the voiding phase of micturition in a pattern consistent with dysfunctional voiding. Despite this limitation to the generalizability of our findings, these results build upon those of previous investigators and provide one more clue to the role of the pelvic floor following noxious stimulation.

Future research into our model of pelvic floor dysfunction after noxious stimulation of the vagina and PC should be directed at addressing the aforementioned limitations and investigate pathways to further elucidate the therapeutic effects of subnoxious levels of stimulation, much like would be used in transvaginal electrical stimulation in humans.

CONCLUSIONS
===========

In a majority of animals, tetanizing electrical stimulation of the rabbit pelvic floor PC musculature resulted in voiding changes suggestive of pelvic floor dysfunction as characterized by a larger bladder capacity, longer interval between contractions and prolonged contraction duration.
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![Representative cystometric bladder contractions. (A) Normal contraction with slow rise in pressure accompanied by productive void and (B) dysfunctional contraction with high pressure and prolonged duration poorly productive void.](kju-56-837-g003){#F3}

![Box plot of day 1 to day 17 mean 24-hour urinary frequency and mean volume per void for animals grouped according to day 4 treatment allocation (sham needle placement \[control, n=3\] versus needle noxious PC pelvic floor stimulation \[treatment, n=9\]). ^\*\*^p-value=0.011 versus control (repeated measures analysis of variance).](kju-56-837-g004){#F4}

###### Day 4 CMG parameters before and after PC pelvic floor stimulation

![](kju-56-837-i001)

  Parameter                                   Sham needle (control, n=3)   Noxious stimulation (treatment, n=9)   p-value                
  ------------------------------------------- ---------------------------- -------------------------------------- ---------- ----------- -----------
  Day 4 - Baseline (CMG/EMG \#1)                                                                                                         
   Basal CMG pressure (cmH~2~O)               3.5±0.2                                                             3.3±0.2                0.564
   Precontraction pressure change (cmH~2~O)   0.4±0.1                                                             0.8±0.1                0.053
   Contraction pressure (cmH~2~O)             6.2±0.4                                                             6.1±0.3                0.872
   Contraction duration (s)                   63±24                                                               116±34                 0.238
   Interval between contractions (min)        4.7±3.0                                                             8.0±1.8                0.407
   Time to 3rd contraction (min)              25±12                                                               38±5                   0.400
   Capacity (mL)                              66±24                                                               88±14                  0.482
   Postvoid residual (mL)                     55±8                                                                75±10                  0.176
  Day 4 - Poststimulation (CMG/EMG \#2)                                                                                                  
   Basal CMG pressure (cmH~2~O)               2.9±0.2                      0.042^\*^                              3.3±0.2    0.647       0.262
   Precontraction pressure change (cmH~2~O)   0.3±0.1                      0.159                                  0.6±0.04   0.243       0.013^\*^
   Contraction pressure (cmH~2~O)             5.6±0.3                      0.219                                  5.5±0.2    0.028^\*^   0.858
   Contraction duration (s)                   47±3                         0.590                                  87±14      0.363       0.023^\*^
   Interval between contractions (min)        7.8±4.2                      0.179                                  15.0±3.0   0.028^\*^   0.226
   Time to 3rd Contraction (min)              26±12                        0.772                                  53±8       0.008^\*^   0.144
   Capacity (mL)                              44±17                        0.359                                  92±12      0.663       0.084
   Postvoid residual (mL)                     39±18                        0.290                                  36±9       0.017^\*^   0.894

PC, pubococcygeous; SEM, standard error of the mean; CMG, cystometric; EMG, electromyographic.

^\*^p\<0.05. ^†^p-value vs. baseline.

###### Subgroup analysis of day 11 CMG parameters before and after vaginal stimulation

![](kju-56-837-i002)

  Parameter                                       Vaginal noxious stimulation   p-value                            
  ----------------------------------------------- ----------------------------- ----------- ---------- ----------- -------
  Day 11 - Baseline (CMG/EMG \#3)                                                                                  
   Basal CMG pressure (cmH~2~O)                   3.4±0.2                                   3.5±0.2                0.638
   Precontraction pressure change (cmH**~2~**O)   0.4±0.2                                   0.6±0.2                0.382
   Contraction pressure (cmH~2~O)                 6.1±0.2                                   6.5±0.3                0.440
   Contraction duration (s)                       48±10                                     121±31                 0.052
   Interval between contractions (min)            12.4±2.8                                  8.4±1.8                0.298
   Time to 3rd contraction (min)                  43±9                                      35±5                   0.469
   Capacity (mL)                                  75±16                                     87±12                  0.586
   Postvoid residual (mL)                         28±22                                     65±17                  0.245
  Day 11 - Poststimulation (CMG/EMG \#4)                                                                           
   Basal CMG Pressure (cmH~2~O)                   3.3±0.2                       0.858       2.9±0.1    0.010^\*^   0.093
   Precontraction pressure change (cmH~2~O)       0.5±0.1                       0.754       0.6±0.1    0.854       0.540
   Contraction pressure (cmH~2~O)                 6.1±0.1                       0.626       5.9±0.2    0.150       0.498
   Contraction duration (s)                       66±27                         0.488       75±13      0.092       0.762
   Interval between contractions (min)            22.0±4.1                      0.013^\*^   12.8±2.3   0.027^\*^   0.280
   Time to 3rd contraction (min)                  45                            \-          47±6       0.020^\*^   \-
   Capacity (mL)                                  81±20                         0.717       86±12      0.888       0.862
   Postvoid residual (mL)                         12±4                          0.470       39±13      0.165       0.076

Animals grouped according to day 4 treatment allocation (sham needle placement \[control, n=3\] versus needle noxious PC pelvic floor stimulation \[treatment, n=9\]).

PC, pubococcygeous; SEM, standard error of the mean; CMG, cystometric; EMG, electromyographic.

^\*^p\<0.05. ^†^p-value vs. baseline.

###### Day 11 CMG parameters before and after vaginal noxious stimulation

![](kju-56-837-i003)

  Parameter                                   All animals (n=12)   p-value    
  ------------------------------------------- -------------------- ---------- -----------
  Day 11 - Vaginal noxious stimulation                                        
   Basal CMG pressure (cmH~2~O)               3.5±0.2              3.0±0.1    0.016^\*^
   Precontraction pressure change (cmH~2~O)   0.6±0.1              0.6±0.1    0.991
   Contraction pressure (cmH~2~O)             6.4±0.3              6.0±0.2    0.132
   Contraction duration (s)                   103±25               73±11      0.162
   Interval between contractions (min)        9.6±1.5              14.5±2.2   0.004^\*^
   Time to 3rd contraction (min)              37±4                 46±5       0.008^\*^
   Capacity (mL)                              84±10                85±10      0.851
   Postvoid residual (mL)                     55±14                32±10      0.101

Values are presented as mean±standard error of the mean.

CMG, cystometric; EMG, electromyographic.

^\*^p\<0.05.

###### Subgroup analysis of Day 18 CMG parameters immediately prior to euthanasia

![](kju-56-837-i004)

  Parameter                                   Day 4 control (n=3)   Day 4 treatment (n=9)   p-value
  ------------------------------------------- --------------------- ----------------------- -----------
  Day 18 - CMG/EMG \#5                                                                      
   Basal CMG pressure (cmH~2~O)               5.0±0.7               3.7±0.2                 0.210
   Precontraction pressure change (cmH~2~O)   1.3±0.5               0.9±0.2                 0.451
   Contraction pressure (cmH~2~O)             8.2±1.0               7.7±0.7                 0.704
   Contraction duration (s)                   25±1                  303±114                 0.040^\*^
   Interval between contractions (min)        8.6±1.1               4.8±1.3                 0.059
   Time to 3rd contraction (min)              29±3                  24±6                    0.494
   Capacity (mL)                              48±5                  70±15                   0.201
   Postvoid residual (mL)                     11±1                  53±12                   0.016^\*^

Values are presented as mean±standard error of the mean.

Animals grouped according to day 4 treatment allocation (sham needle placement \[control, n=3\] versus needle noxious PC pelvic floor stimulation \[treatment, n=9\]).

CMG, cystometric; EMG, electromyographic.

^\*^p\<0.05.
